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I 
To  deal  quantitatively  with  the  distribution  of  light  within  the 
sporangiophore  of Phycomyces,  the  constants  of  this  optical  system 
must be known.  The following measurements were made in order to 
obtain a value of the refractive index of the cells. 
It is evident that a  cylindrical cell with relatively transparent  and 
homogeneous contents will function in air as a  converging lens.  The 
radius  of  curvature  is  one-half  of  the  cell  diameter,  which  may  be 
measured  directly  with  a  microscope  having  an  ocular  micrometer. 
The refractive index of the intact cell may be determined by allowing 
parallel light to fall on the cell and measuring the focal distance.  This 
method was originally applied to cellular constituents by Niigeli and 
Schwendener  (1867), later to intact plant cells by Senn (1908), and to 
developing sea urchin eggs by Vl~s (1921). 
The focal distance which is measured with intact  cells results from 
the combined action of all cellular constituents,  which may not have 
the same refractive indices.  According to Oort and Roelofsen (1932) 
the  chitinous  wall  of  the  sporangiophore  of  Phycomyces  reaches  a 
maximum thickness of 3 # below the growing zone, and in the growing 
zone  is less  than  1  /z  thick.  The  diameters  of the  sporangiophores 
used in these measurements ranged from 48 to 120 #.  Because of the 
extreme thinness of this wall no large error is introduced by leaving it 
out of consideration, although it certainly has a higher refractive index 
than the other cell constituents.  At the growing zone, the sporangio- 
phore appears  completely filled with a  homogeneous mass of "proto- 
plasm."  In all other regions there is a central sap vacuole which often 
occupies one-half  of the  total  diameter  of the  cell.  Focal distances 
were measured both at  and below the growing zone.  Since  calcula- 
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tions of the refractive indices in these two regions show no significant 
difference, it is evident that the presence or absence of a  central  sap 
vacuole  introduces  an  error  which  is  within  the  precision  of  the 
method.  In consideration of sources of error which will be discussed 
below, it seems justifiable to treat the sporangiophore as a homogene- 
ous cylinder of protoplasm in computing the effective refractive index. 
FIG. l.  Photomicrograph of the "bright line" to which parallel light incident 
from below is converged by a cell of Phycomyces in air.  The line is about 0.04 mm. 
above the upper cell wall, hence no part of the cell itself is in focus.  Approxi- 
mately ><375. 
Growing sporangiophores were placed horizontally on the stage of a microscope, 
and supported at the free end to prevent sagging.  At a distance of 1 meter was a 
clear, concentrated filament, 500 watt, 115 volt projection bulb, which served as a 
source of approximately parallel light.  A beam of light was allowed to strike the 
plane substage mirror of the microscope,  and was  reflected  vertically upward to 
the sporangiophores.  The substage condenser was  removed.  Looking through 
the microscope, a sharp bright line could be brought into focus slightly above each 
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lowered  until particles streaming in the topmost peripheral layer of protoplasm 
came into  focus.  The level of  these  moving particles  could be located more 
consistently than the top of the cell wall or the middle plane of the cell.  While the 
locus of this middle plane is what is desired for determination of the focal distance, 
it could not be focused upon with any degree of accuracy.  The vertical distance 
through which the tube moved was equal to the difference between the readings of 
the fine adjustment micrometer in the two positions,  the micrometer drum being 
graduated in single ~.t  Each distance was determined by separate settings for 
each cell ten times.  The precision of setting was greatest with rather high powers 
of magnification (objective -  45 X ; ocular -  6 X). 
Due to the high intensity of light needed for the measurements, a monochro- 
matic source could not be used.  Measurements made with white light are proba- 
bly best referred to the spectral region to which the eye is most sensitive (approxi- 
mately 500 m~).  On this assumption, the index of refraction with reference to 
the sodium line (589.3 m/~) would be not more than 1 unit in the second decimal 
place less than the value obtained.  The measurements were carried out at a room 
temperature of 20-22°C. 
II 
The focal distance of a  cylindrical lens placed in parallel light is 
the  distance  along  the  axis  from the  center  of the  lens  to  the  spot 
where  the  rays converge to  a  "point."  In  the  procedure  described 
above, not the center of the  cell but a  point immediately within the 
cell wall was determined.  In order to find the center, a distance equal 
to the radius of the cell minus the thickness of the wall must be added. 
If 
f  =  focal distance 
f'  =  measured distance from image to peripheral layer of protoplasm 
D  =  diameter of cell 
b  =  thickness of cell wall 
then 
]  __f, +D  -~ -  b  (1) 
For each cell the radius was known through direct measurement of 
the diameter.  The thickness of the wall was taken as 3/~ (cf.  Oort and 
Roelofsen,  1932). 
As  a  consequence  of  spherical  abberation  in  a  lens  of  such  wide 
1 Many  microscopes are  equipped  with  fine  adjustments  containing  a  lever 
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aperture, all parallel rays do not converge to a point behind it.  Hence 
the sharpest image which can be focused upon is a bright line of finite 
width, corresponding to the "least circle of abberation" of a spherical 
lens,  which  lies  slightly  nearer  the  lens  than  the  ideal  focal point. 
The magnitude of the correction of the apparent focal distance for this 
error was computed on the assumption that the refractive index of the 
cell was 1.38,  the diameter of the image being estimated from photo- 
micrographs as 1.5 #.  The least circle of abberation was found to be 
probably less than 2 ~t nearer the cell than the true focal point.  This 
source of error was therefore disregarded. 
Refractive indices were calculated by means of the following formula 
for a  spherical lens: 
4yt 
.  -  (2)  4f -D 
where 
.f 
=  index of refraction of the cell 
= index of refraction of the surrounding medium (air; taken as 1) 
= focal distance 
D  =  cell diameter 
Table I gives the measurements and computed indices of refraction 
for the six cells studied.  In  each case,  the average focal distance is 
based on ten separate determinations.  The  extreme values of f  ob- 
tained for each cell are given.  These extremes deviate on the average 
5 to 6 per cent from the mean values of/. 
It is evident that there is no correlation of refractive index with cell 
diameter, although the largest cells studied were nearly three times the 
size of the smallest.  The values of n for the six ceils may be averaged, 
yielding a  mean  value of n  =  1.38.  Since  the  cell  diameters  were 
measured to within 1 or 2 #, determination of the focal distance intro- 
duces the largest single error. 
nI 
Senn  (1908)  used  a  similar  method  for  measuring  the  refractive 
indices  of entire  plant  Cells, but obtained much  higher  values than 
those  computed  here  for  Phycomyces.  Table  II  gives  illustrative 
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Since protoplasm  is largely composed of water,  it is surprising  to 
note Senn's finding of refractive indices for plant cells equal to those for 
crown  glass  or  paraffin  oil.  Data  on  the  optical  constants  of  the 
human  eye  (von  Helmholtz,  1924)  also  do  not  accord  with  Senn's 
figures.  As Table II shows, even the lens of the eye, specialized as it 
is for refraction of light, has a  low index compared with those found 
TABLE  I 
Cell diameter 
48.3 
58.4 
71.2 
90.8 
102.2 
119.1 
Minimum focal 
length 
Maximum focal 
length 
41.5 
50.1 
61.1 
75.0 
90.1 
111.1 
//. 
47.0 
53.1 
69.3 
83.2 
99.1 
117.7 
Average focal 
length 
/a 
44.6 
51.6 
64.3 
79.4 
94.8 
115.4 
Average index of 
refraction 
1.37 
1.39 
1.38 
1.40 
1.37 
1.35 
TABLE  II 
Object  n  Author 
Vauckeria repens  (thallus)  ...................... 
"  terrestris (  "  ) ...................... 
Bryopsi~ plumosa  (  "  ) ...................... 
Funaria kygrometrica (paraphyses)  ................ 
Pkaseolus vulgaris  (palisade  cells)  ............... 
Vicia faba  (  ....  ) ............... 
Taraxacum  off~cinale (  ....  ) ............... 
Human eye  .................................... 
Cornea  ..................................... 
Humors  ..................................... 
Lens (outer layer) ............................ 
"  (core)  .................................. 
Sea urchin egg (unfertilized)  ..................... 
1.47-1.48 
1.49-1.52 
1,49-1.52 
1.48 
1.47 
1.49 
1.48 
1.376 
1.336 
1.386 
1.406 
1.39 
Selln 
yon Helmholtz 
Vl~s 
by Senn for plant cells.  Senn seems to have corrected his measure- 
ments  for  spherical  abberation  by  multiplying  the  apparent  focal 
length by a  constant greater than 1 and increasing with the diameter 
of  the  cell.  This  correction increases  the  apparent  focal  distance, 
and therefore lessens the value of the refractive index.  Senn regarded 
its use as justified by the fact that by this means constant values of 46  REFRACTIVE  INDICES  OF  WHOLE  CELLS 
refractive index could  be obtained from cells of different diameters. 
No such arbitrary correction was used in the work with Phycomyces. 
Cells of widely differing diameter gave comparable values of refractive 
index, as shown in Table I. 
It may be significant that the present measurements were made in 
air, while all the cells used by Senn were submerged in water.  Further- 
more, working with spheres of expressed protoplasm,  Senn found the 
same high values of refractive index as for similar, intact protoplasm 
surrounded by a  cellulose wall  (n  =  1.49).  In view of the aqueous 
nature  of  protoplasm,  this  result  is  almost  certainly  incorrect.  If 
correct,  it  would  mean  that  in water  cellulose wall  and  protoplasm 
could not be distinguished, and this is not true.  The method used by 
Senn must contain a considerable hidden source of error. 
Vl~s (1921  a, b) made use of the same method to follow changes in the index of 
refraction of the sea urchin's egg during early development.  He obtained a value 
of n for the unfertilized egg of approximately 1.393.  During cleavage, he recorded 
rhythmic changes amounting to a deviation of 0.014 from this value.  Due to the 
sequence of form changes of the egg, only one measurement seems to have been 
made on an egg at any one stage,  and the possible influence of the fertilization 
membrane was disregarded.  It is obvious that under these conditions  the calcu- 
lated indices are scarcely accurate to 2 units in the second decimal place.  Changes 
in index of refraction of such eggs may occur during development, but the measure- 
ments of Vies do not substantiate them.  His determinations agree,  however, in 
general order of magnitude with those made with Phycomyces. 
SUMMARY 
Refractive  indices  of  intact  sporangiophores  of Phycomyces were 
computed from measurements of focal length and radius of curvature of 
the cells.  For the six cells studied, effective vMues of n were obtained 
ranging from 1.35 to 1.40.  The average effective n was 1.38.  Senn's 
determination  of  refractive indices  of  other plants  cells  gave much 
higher values:  ~  --  1.37  to  1.52.  The precision of the method and 
possible sources of this discrepancy are discussed. 
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